The inhibition effect of 2-amino, 5-ethyl-1, 3, 4 thiadiazole (TTD) compound on the corrosion of type 304 stainless steel in 3 M H 2 SO 4 test solution was investigated using potentiodynamic polarization, weight loss techniques and open circuit potential measurements. Results showed TTD to be very effective with an average inhibition efficiency of 98% from weight loss analysis and 87% from polarization test. Data from open circuit potential measurement are well within passivation potentials at specific concentrations of TTD. Scanning electron microscopy showed the effect of the inhibiting compound on the surface topography of the steel, while X -ray diffractometry determined the phase compounds formed on the surface due to inhibitor adhesion. Adsorption of the compound was determined to obey the Langmuir isotherm model. Thermodynamic calculations showed the inhibition process occurred through chemisorption mechanism and results from statistical analysis revealed the overwhelming influence of inhibitor concentration over exposure time on the inhibition performance of the compound.
Introduction
Corrosion is a major cause of concern in the industrial application of ferrous alloys due to the enormous cost involved in damages due to material deterioration, maintenance and corrosion control as a result of the aggressive nature of industrial environments and their interaction with the surface of equipments, machinery and devices; such as in acid pickling of steel, chemical cleaning and processing, ore production, chemical processing plants, automobile industries, oil well acidification, etc. [1, 2] . This necessitates attention from researchers worldwide for novel, cost effective, and environmentally friendly corrosion prevention techniques. Corrosion inhibitors are extensively applied to minimize the corrosion of metallic alloys; however, most inhibitors are hazardous and expensive [3] [4] [5] . Organic compounds containing oxygen, sulfur, nitrogen atoms, and multiple bonds in the molecules are widely used as acid inhibitors. A significant number of these compounds have been used as corrosion inhibitors in the past with satisfactory results, such as phosphonic acids, nitrite, polyacrylamide and phosphates [6] [7] [8] [9] . Just recently investigation has been reached on the use of pharmaceutical drugs as inhibitors due to their innoxious attrinute such as Cefatrexyl, Cefatrexyl-Ciprofloxacin, Cefatrexyl-Ofloxacin, Cefatrexyl and Tacrine [10] [11] [12] . The inhibition performance of organic compounds is subject to their adsorption strength on metallic surfaces replacing molecules of water [13] . The adsorption is influenced by the electronic structure of the molecules of the organic compound, aromaticity, electron density, steric factors, molecular weight and functional groups [14, 15] . This research aims to investigate the inhibition effect of 2-amino, 5 ethyl, 1, 3, 4 thiadiazole, an inexpensive and non-toxic chemical compound used commercially for organic synthesis on Type 304 stainless steel corrosion in sulphuric acid to evaluate its inhibition efficiency and corrosion inhibition properties. The material is cylindrical with a diameter of 18 mm.
Experimental procedure
Inhibitor 2-amino, 5-ethyl-1, 3, 4-thiadiazole (TTD), a transparent and whitish solid flakes obtained from SMM Instruments, South Africa, is the organic compound used as inhibitor. The structural formula of TTD is shown in Fig. 1 . It has a molecular formula of C 4 H 7 N 3 S, with a molar mass of 129.18 gmol −1 . TTD was analytically prepared in percentage concentrations of 0.125%, 0.25%, 0.375%, 0.5%, 0.625% and 0.75%, respectively. Test solution 3 M sulphuric acid (H 2 SO 4 ) and 3.5% recrystallised sodium chloride (NaCl) were the simulated corrosive environment used for the research.
Preparation of test specimens
The stainless steel with a cylindrical dimension of 18 mm diameter was machined into samples ranging between 17.8 mm and 18.8 mm in length. A 3 mm hole was drilled at the centre for suspension of the sample in the corrosive media. The surface ends of the samples were metallographically prepared with silicon carbide sandpapers with grits up to 1000 before being polished with diamond paste to 1.0 µm and cleansed with distilled water. The corrosion rate (R) is calculated from equation 1:
Weight-loss experiments
where W is the weight loss (mg), D is the density in (g/cm 3 ), A is the area in cm 2 , and T is the time of exposure in hours. The %IE was calculated from the relationship in equation 2.
where W 1 and W 2 are the weight loss of steel in with and without specific concentrations of TTD. The %IE was calculated every 72 h during throughout the research investigation. The surface coverage is calculated as shown below:
θ is the amount of TTD adsorbed onto the steel surface. Open Circuit Potential measurements A double electrode corrosion cell with an Ag/AgCl electrode as the reference electrode was used to measure the OCP Autolab PGSTAT 30 ECO CHIMIE potentiostat. Embedded sample electrodes with bare facial area of 254 mm 2 were fully and separately immersed in 200 mL of the acid media at specific concentrations of TTD for a total of 288 h. The corrosion potential of each of the sample electrodes was measured every 48 h. Plots of potential E (mV) versus immersion time T (h) (Fig. 6 ) for the acid solutions media obtained the tabulated data in Table 3 . Linear polarization resistance Linear polarization was done using an Autolab PGSTAT 30 ECO CHIMIE potentiostat with the aid of embedded cylindrical samples with a facial area of 254 mm 2 , and an electrode cell containing 200 mL of electrolyte at 25 o C, with and without TTD. A graphite rod was used as the ancillary electrode and Ag/AgCl was the reference electrode. The analyses were done from -1.5 V against OCP to +1.5 mV against OCP at a scan rate of 0.00166 V/s. The corrosion current density (i cr ) and corrosion potential (E cr ) were calculated from the Tafel plots of potential against the logarithm of current. The corrosion rate (R), the amount of surface coverage (θ) and the percentage inhibition efficiency (%IE) were determined from the relationship
where i corr is the current density in uA/cm 2 , D is the density in g/cm 3 ; eq.wt is the specimen equivalent weight in grams. The percentage inhibition efficiency (%IE) was determined from the equation below.
where R 1 and R 2 are are the corrosion rate with and without TTD, respectively.
Scanning Electron Microscopy characterization (SEM)
The topography and surface morphology of the steel before and after the experimental tests was studied after weight-loss analysis with the aid of Jeol JSM -7600F UHR Analytical FEG SEM for which SEM micrographs were recorded.
X-Ray Diffraction analysis
X-ray diffraction (XRD) patterns of the film formed on the metal surface without TTD addition was analyzed using a Bruker AXS D2 phaser desktop powder diffractometer with monochromatic Cu Kα radiation produced at 30 kV and 10 mA, with a step size of 0.03 o 2θ. The measurement program is the general scan xcelerator. Analysis of the steel sample inhibited with TTD was done with a PANalytical X'Pert Pro powder diffractometer with X'Celerator detector and variable divergence-and receiving slits with Fe filtered Co-Kα radiation. The phases were identified using X'Pert Highscore plus software.
Statistical analysis
Two-factor single level ANOVA test (F -test) was employed to investigate the statistical significance of the inhibitor concentration and exposure time on the performance of TTD acid solution.
Results and discussion

Weight-loss analysis
The results obtained from weight-loss (W), corrosion rate (R) and the percentage inhibition efficiency (%IE) are tabulated in Table 2 The inhibition efficiency is the result of the electrochemical reactions taking place between the charged inhibitor molecules and anions of the acid solution at the metal solution interface. The steel surface is strongly protected due to the strong adsorption and protective covering of TTD. As a result of the influence of TTD on the redox electrochemical process TTD precipitates adhere to the metal samples through the exposure period inhibiting the diffusion of Cl -/SO 4 2 -to the metal surface, while simultaneously inhibiting the diffusion of metallic ions into the solution.
Open Circuit Potential measurements
The open-circuit potential value of the specimen electrodes was observed for a total of 288 h in the acid chloride solutions as shown in Table 3 . Fig. 6 shows the plots of variation of OCP against exposure time in the acid solutions respectively in the absence and presence of specific concentrations of TTD inhibitor. A continuous potential displacement towards negative values was observed in 0% TTD in the sulphuric acid chloride media during the immersion hours due to anodic dissolution of the steel specimen. At (0.125% -0.75%) TTD there is an instantaneous shift in corrosion potentials, positive potentials, due to the instantaneous inhibiting action of TTD. This is due to the formation of crystalline precipitates of TTD in the test solution which strongly adheres to the steel through chemisorption mechanism. The precipitates form a solid compact barrier which effectively prevents diffusion of corrosive anions unto the steel. The presence of heterocyclic atoms makes possible for charge transfer with the vacant D-orbitals of iron through electrophilic substitution. After 0% TTD, the average potential value at 288 h of exposure is -294 mV. This value is well below the potential at which corrosion occurs. It is well within passivation potentials for stainless steel. The corrosion risk is at the minimum due to the instantaneous action of the cationic species of the TTD ions which inhibit the dissolution of the steel electrode. In H 2 SO 4 competitive adsorption between the corrosive ions exists which serves to partially delay their transportation to the metal oxide interface; this in effect delays the breakdown of the passive film and aids the inhibitive action of TTD. Fig. 7a and b show the polarization plot of the stainless steel in absence and presence of TTD at specific concentrations in 3 M H 2 SO 4 . The corrosion rate reduced drastically in acid solutions but the electrochemical parameters varied differentially from 0% concentration. This shows that TTD significantly alters the electrochemical process responsible for corrosion. In addition, changes in the cathodic and anodic Tafel constants in the presence of TTD in contrast with the control concentration signify the suppression of redox reactions associated with the corrosion process by the surface blocking effect of the inhibitor. The inhibitive action of the inhibitor is related to its adsorption and formation of a compact barrier film on the metal electrode surface. This is further proven from the values of corrosion current and corrosion current density in comparison to the values of the control concentration. The electrochemical variables such as, corrosion potential (E corr ), corrosion current (i corr ), corrosion current density (j corr ), cathodic Tafel constant (bc), anodic Tafel constant (ba), surface coverage (θ) and percentage inhibition efficiency (%IE) were calculated and are given in Table 4 . The corrosion current density (I corr ) and corrosion potential (E corr ) were determined by the intersection of the extrapolated anodic and cathodic Tafel lines. %IE (Fig. 8) was calculated from the corrosion rates obtained according to equation 6 . TTD appeared to act as a cathodic type inhibitor in the acid solutions as shown in the displacement of E corr values in Table 4 . The values of E corr shifted to the less noble direction at all TTD concentrations in test solutions, an indication of its tendency to inhibit the cathodic reactions of the corrosion process. In H 2 SO 4 the maximum displacement of E corr value is -61 mV in the cathodic direction, thus the inhibitor is theoretically mixed but overwhelmingly a cathodic type, as shown in the E corr values in Table 4 . The inhibition mechanism is due to surface kinetic process which inevitably results in diffusion control. The corrosion rate is reduced without a significant change in the corrosion potential. The vacillating values of bc (Fig. 7) also indicate that the mechanism of proton discharge reaction changes by addition of the TTD to the acidic chloride media. The linear polarization potential values in H 2 SO 4 differ significantly due to the strong influence of TTD on the passivation and repassivation characteristics of the steel which is evident on the corrosion rate and later potentiostatic study.
Polarization studies
%IE = (R 1 -R 2 /R 1 ) % (6)
Mechanism of inhibition
The corrosion inhibition mechanism of TTD can be explained through the molecular adsorption phenomenon. It can be deduced from TTD molecular structure that TTD absorbs and strongly adhere onto the metal surface through π electrons of its aromatic rings (Fig.1) , lone pairs of nitrogen, sulphur and oxygen electrons and as a protonated species in the acid solution. The functional group of this compound is responsible for the adsorption process, and the strength of adsorption is determined by the electron density and ionization potential of the functional group [16] [17] [18] . In the acid solutions TTD protonates and becomes positively charged but it's difficult for the positively charged inhibitor molecule to approach the positively charged metal (through electrochemical dissociation) surface because of the electrostatic repulsion between it and the stainless steel surface due to its positive charge. SO -2 4 /Cl -ions are first adsorbed onto the positively charged metal surface. Then the inhibitor molecules get adsorb through electrostatic interactions between the negatively charged metal surface and positively charged TTD cations. The cationic TTD molecules are adsorbed through their multipolar centers on to the steel surface forming a protective layer (white precipitates) [19] [20] [21] [22] . Generally, physical adsorption precedes chemisorption interaction mechanism. When more TTD adsorbs on the stainless steel surface, electrostatic interaction also takes place by partial transference of electrons from the pi-electrons of TTD ring to the metal surface. Retroactively TTD cations may also accept electrons from the metallic surface for electrochemical equilibrium from 3d-orbital electrons of Fe atoms to the 3d-vacant orbital of nitrogen and sulphur atoms [23] . Adsorption of TTD is physicochemical from the thermodynamic values (discussed later). This confirms the simultaneous process of electrostatic interaction and charge transfer mechanisms occurs in the adsorption process of TTD on the stainless steel surface. The cationic forms of TTD are adsorbed directly on the cathodic sites in competition with the protonated hydrogen atoms thereby inhibiting hydrogen evolution. This is responsible for the observed cathodic inhibiting effect of TTD [24, 25] . Accordingly, the adsorption of TTD molecules can be regarded as a substitutional electrochemical reaction mechanism of TTD and water molecules at the metal solution interface due to its hydrophobic attributes. TTD displaces water molecules from the metal surface, and interacts with the redox process thereby obstructing the diffusion of water molecules and corrosive anions to the surface. Adsorption of TTD molecule occurs because the electrostatic attraction between the metal surface and TTD is much greater than that between the metal surface and water molecules, thus they are dislodge competitively [26] [27] [28] . The differential values of the cathodic Tafel slope in H 2 SO 4 indicate that the oxygen reduction reaction, one of the main cathodic processes here, is not under activation control, and that addition of TTD does modify its mechanism.
Scanning Electron Microscopy analysis
The SEM images of the stainless steel surface before immersion in the acid media and after 360 h of immersion with and without TTD are given in Fig. 9(ac) , respectively. Fig. 9a shows the steel sample before immersion: the lined surface and serrated edges are due to cutting during preparation. Fig. 9b shows the steel surfaces after 360 h of immersion in 3 M H 2 SO 4 without TTD, while Fig. 9c shows the steel surface in the acid media with TTD at maximum concentration. Fig. 9b reveals a rough surface with large pits and cracks along the grain boundary at high magnification. The pit contains an unusual high content of sulphur and chloride atoms, proving them responsible for pit formation. The corrosion attack of the steel specimen is most probably a result of competitive adsorption/diffusion, whereby the anions move into the metal/liquid interface of the steel surface and displace the species. They initiate and enhance the rate of iron diffusion into the solution. This is responsible for the uneven topography on the steel most especially at sites with flaws and inclusions. The corrosion is also observed to occur along the grain boundary due to its susceptibility to corrosion. These pits are surrounded by iron oxide layer which almost fully covers the stainless steel surface, revealing that pit formation under these conditions occurs continuously during the exposure period, while iron oxide builds up over the surface. Most pits often grow with a porous cover which makes visual detection extremely difficult [29, 30] . Fig. 9c contrasts the appearance in Fig. 9b due to the accumulation of TTD precipitates on the specimen surface which effectively seals it against further corrosion.
XRD analysis
The X-ray diffraction (XRD) patterns of the stainless steel surfaces after immersion in 3 M H 2 SO 4 solutions with and without the addition of TTD are shown in Fig. 10 and Table 5 , respectively. The peak values at 2θ for the steel specimen in the absence of TTD in H 2 SO 4 solutions showed the presence of phase compounds, i.e., corrosion products on the steel surface. The peak values at 2θ = 89.4° and 111.2° for the steel after immersion in 3 M H 2 SO 4 ( Fig. 10 ) correspond to iron (ii, iii) oxide (Fe 3 O 4 ) present on the surface quantitatively. Observation of the peak values (Fig. 11) on the surface of the steel after immersion in the acid solutions with TTD revealed the absence of phase compounds, hence corrosion products due to effective TTD inhibition.
Adsorption isotherm
The mechanism of corrosion inhibition can be further proven from adsorption behavior of TTD on the metal surface as it gives understanding to the inhibition mechanism in electrochemical reactions. Strong adsorption bond/high surface coverage induced by chemical activity must be the basis of effective inhibition between TTD molecules and the metal surface compared to the interaction between TTD and water molecules. The adsorption of TTD at the metal/solution interface is due to the formation of either electrostatic or covalent bonding between ionized molecules or the metal surface atoms. Langmuir adsorption isotherm was applied to describe the adsorption mechanism for TTD compounds in 3 M H 2 SO 4 . Figure 11 . XRD pattern of the surface film formed on austenitic stainless steel after immersion in the presence of TTD in 3 M H 2 SO 4 .
All of these isotherms are of the general form
where f(θ, x) is the configurational factor which depends upon the physical model and assumption underlying the derivative of the isotherm, θ is the surface coverage, C is the inhibitor concentration, x is the size ration, 'a' is the molecular interaction parameter and K ads is the equilibrium constant of the adsorption process. The general equation for Langmuir isotherm is,
and rearranging gives
θ is the degree of coverage on the metal surface, C is the inhibitor concentration in the electrolyte, and K ads is the equilibrium constant of the adsorption process.
The plots of C/θ versus the inhibitor concentration C were linear (Fig. 12) , indicating Langmuir adsorption. The divergence of the slopes from unity in Fig. 12 is as a result of the electrochemical interaction among the adsorbed TTD ions on the metal surface and changes in the values of Gibbs free energy as the surface coverage increases. This was not taken into cognizance when the Langmuir equation was being formulated. Langmuir isotherm states the following: (i) The metal surface has a definite proportion of adsorption sites with one adsorbate. (ii) Gibbs free energy of adsorption has the same value for the sites, independent of the value of surface coverage. (iii) There is no evidence of lateral interaction between the adsorbed inhibitor molecules [31] . The fitted lines from the Langmuir equation show values less than unity for the slopes. This suggests a slight deviation from ideal conditions assumed in the equation.
Thermodynamics of the corrosion process
The values (Table 6 ) of the apparent free energy change, i.e., Gibbs free energy (∆G ads ) for the adsorption process can be evaluated from the equilibrium constant of adsorption using the following equation:
where 55.5 is the molar concentration of water in the solution, R is the universal gas constant, T is the absolute temperature and K ads is the equilibrium constant of adsorption. K ads is related to surface coverage (θ) by the following the equation:
The results presented in Table 6 provide additional proof of slight deviation from ideal condition of Langmuir model, as observed in the differential values of free energy of adsorption (∆G ads ) with increase in surface coverage (θ) values. The dependence of free energy of adsorption (∆G ads ) of TTD on surface coverage is ascribed to the heterogeneous characteristics of the metal surface, thus the differential adsorption energies as observed in the experimental data ( Table 6 ). The results presented in Table 6 provide additional proof of slight deviation from ideal condition of Langmuir model, as observed in the differential values of free energy of adsorption (∆G ads ) with increase in surface coverage (θ) values. The dependence of free energy of adsorption (∆G ads ) of TTD on surface coverage is ascribed to the heterogeneous characteristics of the metal surface, thus the differential adsorption energies as observed in the experimental data ( Table 6 ). 
Statistical analysis
Two-factor single level experimental ANOVA test (F -test) was used to analyse the separate and combined effects of the percentage concentrations of TTD and exposure time on the inhibition efficiency of TTD in the corrosion inhibition of low carbon steels in 3 M H 2 SO 4 solutions and to investigate the statistical significance of the effects. The F -test was used to examine the amount of variation within each of the samples relative to the amount of variation between the samples. The sum of squares among columns (exposure time) was obtained with equation 13 .
Sum of squares among rows (inhibitor concentration)
Total sum of squares
The results using the ANOVA test are tabulated (Table 7) . The statistical analysis in 3 M H 2 SO 4 was evaluated for a confidence level of 95%, i.e., a significance level of α = 0.05. The ANOVA results (Table 7 , Fig. 13 ) in the acid solution reveal the overwhelming influence of the inhibitor concentration on the inhibition efficiency with F -value of 0.25. These are greater than the significance factor at α = 0.05 (level of significance or probability). The F -values of exposure time in acid solution are less significant compared to the inhibitor concentration, but greater than the significant factor hence they are statistically relevant with F -value of 0. indicating that the metal surface has a definite proportion of adsorption sites with one adsorbate while the Gibbs free energy of adsorption has the same value for the sites, independent of the value of surface coverage. 4. XRD analysis showed the absence of phase compounds, i.e., corrosion products on the steel surface immersed in TTD; this contrast results obtained in the absence of TTD.
